In this paper, n-type lead telluride (PbTe) compounds without doping were sucessfully prepared at high pressure and high temperature (HPHT). The carrier type was induced by the effect of pressure. The results of the electrical conductivity, Seebeck coefficient, thermal conductivity for n-type PbTe, which were measured at room temperature, show that the PbTe samples prepared by HPHT exhibit the same characteristics as heavily doped semiconductors. The figure-of-merit, Z, of 5:46 Â 10 À4 K À1 was obtained, which is higher than the heavily doped samples of PbTe at room temperature. These results indicate that this method has potential application in obtaining good quality thermoelectric materials with improved properties.
Introduction
Thermoelectric materials are of interest for applications as heat pumps and power generators. The performance of a thermoelectric material is usually expressed by the figure of merit Z represented by Z ¼ S 2 =, where S is the Seebeck coefficient, s is the electrical conductivity and is the thermal conductivity. To maximize the dimensionless figure of merit, the thermopower and electrical conductivity are maximized, while simultaneously minimizing the thermal conductivity. Three factors are determined by detailed electronic structure (band gap, band shape, and band degeneracy near the Fermi level) and the scattering of charge carriers (electrons or holes); thus, these properties are not independent.
PbTe is well known as a thermoelectric material, which is generally used for thermoelectric power generation at the medium temperature range between 400 and 800 K. 1, 2) The performance of PbTe with different carrier concentration, however, is not high enough in this temperature range. In order to enhance the thermoelectric properties of PbTe, many methods have been used including hot-pressing and finegrain size with heavy doping. [3] [4] [5] [6] At the same time, there are many low-dimensional structures made from PbTe for the purpose of enhancing its thermoelectric properties. [7] [8] [9] Comparing to the other preparation methods for thermoelectric materials, the method of high pressure and high temperature (HPHT) has many advantages. At first, the thermoelectric properties, which are determined by the electronic structure and interatomic interaction, are generally sensitive to pressure and temperature. Moreover, this method can restrain the disorder, phase separation and other complicating factors during the preparation of materials. 10) Several different examples ranging from the behavior of carbon under pressure to oxide materials and intermetallic compounds are presented to illustrate the breadth of opportunities in this area. 11, 12) Meng et al. reported that the thermoelectric power and the electrical conduction for several materials were largely enhanced under high pressure. 13) Unfortunately, these properties could not be kept at room temperature after the pressure has been released. With the temperature tuning, these improved properties by pressure might be quenched at room temperature.
In this paper, we report our measurement on thermoelectric properties for PbTe without doping, which was synthesized by the HPHT technique. We studied the thermoelectric properties in PbTe systematically at room temperature. These results indicate that this method has potential application in obtaining good quality thermoelectric materials with improved properties.
Experimental
Lead and tellurium powders (of 99.999% in purity) with 1:1 (mol%) ratio were mixed in an agate mortar under argon atmosphere, and shaped by press. The shaped sample was assembled to high pressure and high temperature synthesis. The PbTe compounds were prepared in a cubic anvil highpressure apparatus with a sample chamber of 23 mm on an edge under high temperature around 1200 K and high pressure up to 5.2 GPa which is lower than the phase transition pressure for PbTe.
14) The pressure was estimated by the oil press load, which was calibrated by the pressureinduced phase transitions of bismuth, thallium and barium metals. The temperature was estimated by the relationship of input heater power and temperature, which was measured by the platinum-rhodium thermal couple.
The collected samples were cut and polished on the surface for thermoelectric measurements which were carried out at room temperature. The electrical resistivity and carrier concentration data were obtained using dc Hall effect measurements by a five-probe technique.
15) The voltage sensing electrodes and current electrodes were 50 mmdiameter platinum wires which were mounted at the ends of the samples by spark discharging electricity. The thermal conductivity was measured by the static comparative method using standard transparent quartz (SiO 2 ) as the standard sample (1.37 W/KÁm).
15) The Seebeck coefficient S was determined from thermoelectromotive force E 0 given by the temperature difference within 2-3 K with the same equipment as thermal conductivity measurement. All voltages were measured using a Keithley 2182 nanovoltmeter.
Results and Discussion

Variation of carrier type
In general, the non-doped samples of PbTe are of p-type at room temperature and of n-type at high temperature since the electron-hole pairs are thermally excited at elevated temperature. Samples of PbTe prepared by HPHT are of n-type at room temperature. In order to explain this observed result, the Seebeck coefficient for the non-doped samples PbTe, which were prepared in an evacuated quartz tube at 1200 K, was measured under high pressure in-situ at room temperature. The details of measurement procedures were shown in our previous paper 16) and the Seebeck coefficient as a function of pressure is shown in Fig. 1 . It can be seen that the samples of PbTe are of p-type at low pressure and of n-type at high pressure. The absolute values of Seebeck coefficient decreased with an increasing of pressure. This result is in good agreement with the results in Refs. 14, 17 and 18). Based on this result, the variation of carrier type should be reduced by the effect of pressure and some properties under high pressure have been successfully quenched in PbTe at room temperature in our study.
The thermopower S of p-PbTe changes sign under pressure. This variation of the type of charge carriers might be attributed to the condition that energy gap E g decreases with an increasing of pressure (dE g =dP ¼ À80 meV/GPa). 19) Ovsyannikov et al. also attributed the decreasing of absolute values of S to the energy gap E g relationship pressure.
18) The energy gaps E g for PbTe compound tend to reach zero under pressure at NaCl phase. Ovsyannikov considers that PbTe under high pressure should be heavily doped semiconductors which were confirmed by our measurement results shown in the following sections. Since large negative values of S were found to have a negative Magnetoresistance (MR) effect, a large value of resistivity and a significant optical gap ($1 eV) 18) were found in PbTe under high pressure. Figure 2 shows a plot of the Seebeck coefficient, S; the logarithm of the electrical conductivity, lnðÞ; and the power factor, S 2 , as a function of the logarithm of the carrier concentration for PbTe prepared by HPHT at room temperature. The carrier concentrations were determined from the relationship jR H j ¼ 1=ne, where R H is the Hall coefficient, n is the carrier concentration, and e is the electronic charge. A classical behavior was obtained for Seebeck coefficient of PbTe prepared by HPHT. The conductivity increases while the Seebeck coefficient decreases as the carrier concentration of PbTe increases. The Seebeck coefficient values range from À26 to À215 mV/K and the electrical conduction values range from 741 to 10905 S/m. It can be also seen that the Seebeck coefficient is a linear function of lnðnÞ. A graph of S versus lnðnÞ is a line with a negative slope by the ratio of the two fundamental constants k B =jqj ¼ 86:174 mV/K for semiconductors with single band of carriers reported in Ref. 1) , where k B is the Boltamann constant and q is the carrier charge. Here, we have S versus lnðnÞ for PbTe with negative slope of 41.3 mV/K which is nearly a half of the value of k B =jqj. The result indicates that there are two types of carriers in the PbTe sample prepared by HPHT which confirms the carriers coming from the electron-hole pairs excited by pressure.
Thermoelectric properties
The graph of the power factor, S 2 , peaks in the middle of the curve and corresponds to the Seebeck coefficient of $200 mV/K and a carrier concentration of $3 Â 10 25 m
À3
respectively. This result is consistent with the result calculated by Mahan 1) and Ioffe's prediction. All semiconductors seem to behave similarly, as suggested originally by Ioffe. Fig. 1 The Seebeck coefficient as a function of pressure for non-doped
PbTe measured under high pressure in-situ at room temperature. Fig. 2 The Seebeck coefficient, S; the logarithm of the electrical conductivity, lnðÞ; and the power factor, S 2 , as a function of the logarithm of the carrier concentration, lnðnÞ; for PbTe prepared by HPHT at room temperature.
The hall mobility for PbTe prepared by HPHT was calculated form the data of resistivity and hall coefficient. Figure 3 shows the dependence of hall mobility on the carrier concentration for PbTe. A different behavior of mobility should be observed when the electron carrier concentration is below or above 2:5 Â 10 25 m À3 . This result is in a good agreement with Scherrer's result on Sb 2 Te 3 . 20) Scherrer attributed this result to the complex valence band. When the carrier concentration increases, two sub-bands which correspond to different effective mass values are progressively occupied by the holes. Below n ¼ 2:5 Â 10 25 m À3 , a mixed scattering model 20) that takes into account the ellipsoidal surfaces of constant energy explains the behavior of the carrier mobility.
The relationship between the Seebeck coefficient and thermal conductivity for PbTe prepared by HPHT is shown in Fig. 4 . It can be seen that the thermal conductivity increases linearly with a negative slope as the Seebeck coefficient decreases. At room temperature, the values of for PbTe vary between 1.69 and 3.69 W/KÁm. These values are near to the values for doped Bi 2 Te 3 .
20) The thermal conductivity increasing inversely with S might be resulted from the increase of carrier concentration in PbTe. It is well known that the absolute values of Seebeck coefficient decreased with the increase of carrier concentration which is shown in Fig. 2 . The thermal conductivity for n-type PbTe as a function of carrier concentration n is shown at top right corner in Fig. 4 . The values of for PbTe, which is obtained in this study, increase linearly with the carrier concentration. It is interesting to note that for the same carrier concentration, thermal conductivities measured on samples of PbTe in our study are lower than those for heavily doped samples of PbTe. [3] [4] [5] The increasing of thermal conductivity with carrier concentration should be partly resulted from the increase of electronic thermal conductivity. The thermal conductivity is composed of the electronic thermal conductivity e ¼ LT and the lattice thermal conductivity L , where L is the Lorenz constant and T is in absolute temperature. The electronic thermal conductivity e increases with the electronic conductivity resulting from the carrier concentration increasing.
The figure-of-merits, Z, for all samples PbTe prepared by HPHT are calculated from the quantities measured and are presented as a function of carrier concentration in Fig. 5 . It can be seen that the figure of merit increases firstly and then decreases with the increase of carrier concentration. In particular, the figure-of-merit at room-temperature reached a maximum value of $5:46 Â 10 À4 K À1 , which is about several times larger than the value of fine-grained heavily doped samples reported in the literature. [3] [4] [5] The increase of the figure of merit of PbTe might be resulted from the advantages of the method of HPHT. In comparing with chemical tuning, properties can often be more rapidly and cleanly optimized with pressure tuning, which necessitates the synthesis of a large number of different materials and can reduce disorder, phase separation, and other undesirable effects. 10) Fig. 3 The dependence of mobility on the carrier concentration for n-type PbTe prepared by HPHT. Fig. 4 The relationship between the Seebeck coefficient and thermal conductivity for PbTe prepared by HPHT at room temperature. 
Conclusion
The improved thermoelectric properties of PbTe under high pressure have been successfully quenched at room temperature by the HPHT approach. The results of thermoelectric properties measured on PbTe, which were prepared by HPHT, confirm that these samples are heavily doped semiconductors and superior to that of truly doped samples. Accordingly, the figure-of-merit calculated from the measured results, a maximum value (5:46 Â 10 À4 K À1 ) at roomtemperature for the PbTe samples, was higher than the value of heavily doped PbTe at the same carrier concentration. These results indicate that the method of HPHT has a potential in obtaining good quality thermoelectric materials with improved properties.
